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Highlights

» Thermal resonators can harvest energy from ambient thermal fluctuations.

» Device design is optimized in a given environment according to theory.

* Thermal resonators performed well in harsh desert environment.

* Experimental results corresponds quantitatively with theory.

» Phase change materials with high thermal effusivity boosts resonator performance.
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Abstract

Thermal fluctuations in the environment are a ubiquitous, yet untapped energy source for harvesting. Our
laboratory has introduced the concept of a thermal resonance device for this purpose, with potential to

power wireless sensor networks (WSNs), devices embedded into structural elements, and electronics
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deployed in relatively inaccessible areas. Thig@ggh has particular advantages for the desert
environment, where conventional energy harvestengogs are severely confounded by frequent
sandstorms, extreme temperature and high solardéuéHerein, we design, fabricate, and test a thlerm
resonator for the conversion of diurnal temperatiuetuations to electrical power in a harsh desert
environment using a thermally conductive phase ghaomposite as a high thermal effusivity material,
specifically tuned to the temperature fluctuatingisonment of Thuwal, Saudi Arabia (22.309%,
39.1047 E). The composite consists of a highly porousthedmally conductive nickel foam
impregnated with eicosane as a phase change nhédemamhanced thermal capacity. The high thermal
effusivity material is incorporated into a ratioiyadesigned thermal resonance device, which igtefir
a period of two weeks in Saudi Arabia, extractisghigh as 2 mW from approximately 4D diurnal
temperature fluctuations. These experimental dateige a test of the theoretical model for the giesi
and operation of the device. Overall, these resitfislight the opportunity of employing thermal

resonance devices for energy harvesting, partigulathe desert environment.

1. Introduction

There has been increasing research interest igyharvesting mechanisms from the ambient
environment[1]. Applications include small-scaleryy scavenging for electronic devices, including
wireless systems, or higher power harvesting td tee electrical grid[1]. Large-scale applicatidos
contribution to utility-scale micro or macro gridéen harvest from the mechanical motion associated
with wind[2] or waves|[3], from solar radiation witraditional photovoltaics[4], concentrated solar
power[5], concentrated photovoltaics[6], or concateid solar photovoltaics plus thermal[7], and from
the thermal gradients associated with geothermal{8cean thermal energy conversion (OTEC)[9].
Energy harvesting for small-scale electronics eddies on traditional photovoltaics[10, 11], as e
solar thermophotovoltaics[12], for harvesting freolar energy. Other forms of energy harvesting for
small-scale electronics include mechanical eneggydsting using piezoelectrics[10, 13, 14] and

triboelectrics[15], radio frequency energy harvegftlO, 13, 16], chemical energy harvesting,[17, 18]



solvent adsorption energy harvesting,[19, 20] &edral energy harvesting using thermoelectrics for
static temperature differences in space and pyct@enaterials for transient temperature fluctoasi in
time[10, 13, 14, 21]. Despite this progress, methfod energy harvesting in remote locations witlsha
environmental conditions for the powering of snaddictronics, such as wireless sensor networks
(WSNSs), remain limited. Herein, we apply a thereargy harvesting concept recently developed[22] in
our laboratory — a thermal resonance device -hiarah desert environment in Saudi Arabia for energy
harvesting from diurnal temperature fluctuationsctsthermal resonance devices are ideally-suited fo
harvesting in a harsh desert environment due to thet environment’s magnitude and consistency of
diurnal temperature fluctuations, as well as thebllity of the harvesting mechanism. The device is
specifically constructed in terms of geometry araterals’ design for optimal operation in the Saudi
Arabian environment based on previously publishedyaical theory. The device is tested over
approximately two weeks and compared with anallyaod numerical models for predicting device

performance.

Energy harvesting is an appealing solution for et of self-powered micro-systems, such as wiele
sensors, implanted biomedical devices, embeddedtstal devices, and military monitoring deviceg[23
The application of energy harvesting towards thegring of WSNs is arguably the most intriguing, twit
applications including environmental, agriculturailitary, healthcare, and structural health
monitoring[24]. WSNs have very few infrastructuredjuirements, and they employ small, often
inexpensive low-power sensor devices with limiteocpssing capabilities to gather information in a
particular environment in a coordinated and flexitvlanner[25]. The WSN industry has been
progressively moving towards applications (e.gvirammental and structural health monitoring) where
sensors may be embedded in structures and/orrexigtremote locations with quite harsh environragnt
conditions for significant periods of time[26]. lnese scenarios, replacing or recharging a typical
standalone, portable battery may be impracticahpossible[26]. Therefore, energy harvesting habe

a major focus of the industry for extending thetlihes of WSNs in such applications and environsjent



as energy harvesting from the ambient environmesgrially results in a sensor node with an “indini
lifetime”[26]. The development of energy harvestteghniques that do not necessarily require direct
solar exposure and with significant thermal, medatanand chemical durability are of substantial

interest to the energy harvesting community, inegael as well as the WSN community, in particular.

In this work, we design, test, and analyze theiaegipbn of the recently-developed thermal resonator
concept[22] in a harsh desert environment for pest energy harvesting from diurnal temperature
fluctuations. Thermal resonator is a thermal cirtwied in terms of geometry and material propsgitie
a particular temperature fluctuation frequencygrider to optimally convert the uniform temporal
fluctuation in the environment into a spatial geadiwithin the device and, ultimately, to electripawer
using a heat engine of some type[22]. It is distirmm traditional, static thermal energy harvegtirsing
thermoelectric modules[13, 27], which rely on tmegence of an obvious heat source or sink. Itsis al
distinct from traditional transient thermal enet@rvesting using pyroelectric materials[21, 27] tlués
ability to be tuned to a particular temperaturetilation frequency, which allows for the device to
typically outperform pyroelectric materials[22]. @ device is more similar in nature to recent effoot
harvest from temperature fluctuations using a tloelectric module[28-37]; however, it differs in tlaa
thermal resonator is tuned in terms of its geomaty thermal properties — namely thermal effusivity
(Eg. (1)) — to maximize its power output from aagiviluctuating input temperature profile[22]. Theim
effusivity is a measure of a material’s abilityttansfer heat with its surroundings. High thermal
effusivity materials are characterized by high eal(intrinsic) of thermal conductivity and heat acipy,
or, in the case of a phase change material initydio its phase transition temperature, latent.hdmh

thermal effusivity materials in previous thermatanator designs consist of a highly thermally

conductive and highly porous matrix impregnatedait ambient phase change material for enhanced

heat storage capabilities under dynamic ambienditons.

This study represents one of the first exampledesfgning and engineering a thermal resonator devic

customized for a particular environment, demonistggtractical utility of this technology. Not onhave



we reached energy parameters an order of magriiigtier than previous generations of devices, an
improved heat transfer model was also constructdéetter predict and optimize future device
performance. The motivation for applying this eryengrvesting technology in a desert environment is
two-fold: 1) The desert is characterized by largé highly consistent temperature fluctuations anth@
existence of energy harvesting techniques abléttesiand the high temperatures, solar fluxes, and
sandstorms characteristic of desert environmerggking. We specifically develop a high thermal
effusivity material system and optimally design trensient thermal energy harvesting device for
operation in a desert environment according torecently developed analytical theory[22]. We tbst t
device over an approximately two-week period indb&wabia (22.3095N, 39.1047 E), and we
analyze, and account for, the discrepancies betéeedevice’s performance and the previous analytic
model through the development of a numerical mtubl accounts for additional modes of heat transfer

that are neglected in the analytical model.
2. Thermal Resonator Design and M aterial Fabrication

A general schematic for a thermal resonance dewiskown in Fig. 1la. The device consists of two
thermal masses (1 and 2), which transform spatiadiform temperature quctuatiorﬁi‘amb) of a thermal
bath into a spatial temperature differe &) across a heat engine for power extract)i22]. The
specific thermal resonators considered in this vewekenabled by high thermal effusivity ambientggha
change materials (PCMs), which optimize the timeraged power output of thermal resonators, as
shown in previous work[22]. For a phase change naxisting in an environment with fluctuating
temperatures centered about the phase transitigretature, the effective thermal effusivig is

given by Eq. (1)[22].

eeft = / kph, (1)

wherek is the thermal conductivity is the density, ant is the latent heat per mass (SI Section 1).



The operation of our thermal resonator device issshschematically in Figs. 1b and 1c. For these
devices, thermal mass 1 is designated the domihamhal mass and is characterized by a high thermal
effusivity ambient phase change material, whilertted mass 2 is characterized by low thermal resigta
and small thermal diffusion time scale, equilibmgtrapidly with the environment. For simplicitygth
temperature is assumed to oscillate betweenThdthd cold Tc), and the PCM is characterized by a
phase transition temperatuf®)(close to the median of the temperature fluctmstidhe heat engine of
choice used for power extraction in our device iseamoelectric module. Fig. 1b demonstrates the
device’s operation when the ambient temperatun@snding the device is above the phase transition
temperature. In this case, thermal mass 2 rapgiljlibrates to the ambient temperature, while tredrm
mass 1 exhibits a temporal lag by design and pensiainly at the phase transition temperature ®f th
PCM. Similar operation applies to the device whenambient temperature surrounding the device is
below the phase transition temperature (Fig. liejotigh the oscillation cycle, the resultant spatial
temperature difference is translated into eledtpoaver using a thermoelectric heat engine. Tentpeza
and voltage data for a previously reported ambtegimal resonator tested in Cambridge, MA, USA is
shown in Fig. 1d to demonstrate the device’s paréorce in a given environment with a particular high

thermal effusivity phase change materials.
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Fig. 1. (a) A general schematic of a thermal resonatdrabasists of two thermal masses (1 and 2)
interfaced with a generic heat engine. The theresinator is enclosed within the dashed box and
converts the ambient temperature fluctuatidhg,{) into a spatial temperature differen@s’) for power
extraction P). (b, ¢) Schematics demonstrating the operatich@thermal resonators considered in this
work, which consist of a high thermal effusivity teaal (1) and a material with low thermal resist@an

(2) interfaced with a thermoelectric heat enging)(TrThermal mass 2 quickly responds and adopts the
ambient temperature (b, hdi;; ¢, cold,T¢), while thermal mass 1 exists primarily at its gdéransition
temperatureT ), which by design occurs at the median temperattioscillations. (d) Closed circuit
voltage generation (red) of a previously reportedbi@nt thermal resonator when subjected to diurnal
temperature fluctuations (blue) outdoors in Cand®jdMA, USA over the course of a couple of

weeks[22]. The phase transition temperatiirg ¢f the device’s high effusivity phase change matés

indicated with the black dashed line.



We proposed an analytical model in previous workf@Zoredict the time-averaged power output density
per aredp,y,g) Of a certain thermal resonator design for a paldicenvironment characterized by

sinusoidal temperature fluctuations:
pavg ~ne TA \/5 Qa (2)

wherey is the thermal to electrical conversion efficiemdythe thermoelectric heat engine (Sl Section 2),
e is the standard thermal effusivity of thermal magS| Section 1)T, is the amplitude of temperature
fluctuations,w is the angular frequency of temperature fluctuej@ndQ is a tuning factor computed in
our previous work[22] that is a function of theduency of temperature oscillations and the thermal

diffusion time scale of thermal mass 1 (S| Secf#in

In order to apply Eq. (2) to the rational desigradhermal resonator for a particular environmérg,
frequency and amplitude of temperature fluctuatihmsuld be measured. We probed the temperature
fluctuating environment in proximity to Jeddah, 8ia@rabia via direct measurements at King Abdullah
University of Science & Technology (KAUST) in Thulw&audi Arabia (Fig. 2a and Fig. S4) (methods),
and we also obtained air temperature records frorg Kbdulaziz International Airport in Jeddah, Saud
Arabia for the same time period (Fig. 2b) [35]. Tatter historical temperature fluctuation datasup
that these temperature fluctuations are quite stardiin temperature amplitude and mean temperature
throughout the year (Sl Section 3, Fig. S3) [3%le Thean fluctuating temperature (Fig. 2a, “B7Fig.

2b, ~32°C) and amplitude (Fig. 2a, ~2Q; Fig. 2b, ~3C) differ between the two data sets, and this
discrepancy is attributed to radiative effectstmntemperature sensor used in Fig. 2a (S| Secjiorhg
magnitude of the solar radiative effects is analyaed confirmed to be within reason in SI Section 8
However, these results do provide useful boundsduyp-ig. 2a; lower, Fig. 2b) for a thermal resonat
constructed to operate in this environment, asheltliscussed throughout the manuscript. A dashed |
is incorporated into Figs. 2a and 2b to indicateghase transitio{ = 35 °C) of a suitable high

effusivity PCM for thermal resonator design. Th@mperature is chosen because it is an average of th



two median temperatures for the upper (*Gyand lower (~32C) bounds. Fast Fourier Transforms
(FFTs) of the data in Figs. 2a and 2b are providdelgs. 2c and 2d, respectively. FFTs indicate tha

dominant frequency of temperature fluctuationsegponds to the diurnal frequency, as anticipated.
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Fig. 2. (a) Temperature fluctuations measured on-siterag Kbdullah University of Science and
Technology (KAUST) in Thuwal, Saudi Arabia from M8 to May 8" 2016 (methods, Fig. S4). (b)
Historical air temperature fluctuations in Jeddaaydi Arabia from MaySito May 1" 2016, as reported
by King Abdulaziz International Airport [35]. Theadhed box indicates the time span corresponding to
the data in (a). The dashed lines indicate a daifaliase transition temperature for a high thermal
effusivity PCM to incorporate into the thermal reator design. (c) A Fast Fourier TransformationTFF
of the data in (a). (d) An FFT of the data in (B)e dominant temperature fluctuation frequencyther

diurnal cycle is indicated. The FFTs of the data ¢data collected at a frequency of 1 Hz) areinbth

via MATLAB.

A high thermal effusivity PCM composed of eicoséBg[36] (T = 36°C; h = 250 J §) vacuum

impregnated within a highly porous and highly thallsnconducting nickel matrix (Ni/E) was fabricated



specifically for application in the desert envircemh (Figs. 3a and 3b; methods). Eicosane was chosen
due to its phase transition temperature matchinly the desired temperature described in Fig. 2yedls

as due to its high heat storage capabilities. Tteeteve thermal effusivity of the material was eehined
by measuring the latent heat (Fig. 3c), densitg, taermal conductivity (Fig. 3d) and calculated
according to Eq. (1) (methods). The thermal effiigi@nd thermal conductivity of pure eicosane
compared with Ni/E are shown in Fig. 3d. The thdreffusivity of the composite is comparable with
previous values used for thermal resonators ititérature[22], and the values of thermal conduttiv
and thermal effusivity measured for E and Ni/E rhatery well with literature (E) and theoretical

predictions (NI/E) (Sl Section 5).
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Fig. 3: (a) A photograph of the fabricated Ni/E high thermifilisivity material. (b) An optical
microscope image of the fabricated Ni/E high théreffusivity material (methods), the lighter reggon

are nickel and the darker regions are eicosan®ifigrential Scanning Calorimetry (DSC) data foet



NI/E high effusivity material (methods),, is the melting temperaturé&; is the solidification
temperature, and is the latent heat. (d) Effective thermal effusiviunits: J crii’? (m s K)*?) as a
function of thermal conductivity for E and Ni/E, dstermined from experiment (triangle) and

theoryl/literature (circle) (methods).

We have further used the dominant, diurnal andguguency of temperature oscillations verified igs-

2c and 2d7.3 x 107° rad s~1) and the material properties from Fig. 3d to caleuthe ideal length

scales for the optimal power performance of a iéliice operating in the desert (S| section 2) atingr

to analytical theory (Eqg. (2)). The ideal dimensidor a Ni/E thermal resonator operating in the
temperature oscillation frequencies shown in FR2Zgsand 2b (upper and lower bounds, respectivety) ar
16.8 cm and 9.2 cm, respectively. The time-averggaeer densities of ideal devices constructeddind
operating under, these conditions are shown in&ignalytical theory (Eqg. (2)) predicts a time-eaged
aerial power density of 646N cm~2 and 10.7uW cm™2 for these devices, respectively. For
comparison, ideal devices based on incorporatimg picosane demonstrate lower power outputs of 33.2
W cm™2 (ideal length 8.2 cm) and 548V cm™2 (ideal length 4.5 cm) are also shown for the upper

lower bounds, respectively (S| Section 2).

The larger thermal resonance devices apparenthotiproduce more power (Fig. 4c), contrary to what
one may intuitively expect. Rather, the power dases when the size is increased beyond the optimal.
This is due to the inability of the larger thermass to completely undergo its phase transitiongiwh
decreases the heat engine output. Larger aeriagmpdensity can be achieved either by stacking séver
devices, which is associated with the costs oftamfdil thermoelectric heat engines, or by fabrigati
devices with a higher effusivity material, Eq. (The latter also leads to a larger optimal lengghgiven
by Eq. (S8). This once more highlights that theedigyment of a material with high thermal effusiviiy
paramount to the scalability and power optimizatbthermal resonance devices. Interestingly, ithe-t
averaged volumetric power density of the ideallyet Ni/E devices (upper, 318V cm™~3; lower, 0.64

uW cm™2) and E devices (upper, 318V cm™3; lower, 0.6uW cm™3) are quite similar, as they are both
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Fig. 4: Time-averaged power density as a function of tieerhophysical system parameters for Ni/E and
E thermal resonators. Contour maps are generategl e thermal resonator analytical model (Eq,. (2)
Sl Section 2) and assume a temperature fluctuatigplitude of 10C (a) or 3°C (b), corresponding to

the data in Fig. 2a and Fig. 2b, respectively. & MiiE resonators, which are ideally-tuned accaydm
analytical theory (Eqg. (2)), are indicated by diami@nd star, respectively. (c) Line plots of timaeti
averaged power density of Ni/E (red) and E (blhe)mal resonators as a function of the length of
thermal mass 1L() assuming a temperature fluctuation amplitude ¥ .3The ideal lengthL{y) is

indicated by the arrows for each material and @pprtional to the square root of the thermal diffitg

of thermal mass 1, as given by Egs. (S1) and (S8).



3. Thermal Resonator Testing and Results

A Ni/E thermal resonator was constructed, as shestiematically in Figs. 5a and S7. The length oENi/
(L, = 15.2 cm) was specifically chosen to target tliengl frequency of temperature oscillations in the
desert environment (Fig. 2) by matching the themiffision time scale (Eq. (S1)) with the frequerdy
temperature oscillations (Sl Section 2). Specificahe environment in Fig. 2a is chosen for device
design Ly = 16.8 cm) despite the additional measuremerfgn2b (g = 9.2 cm). This choice of
environment for design is rationalized by the ressull Fig. 4c: it is preferable to err on the lardevice
size due to the plateau in performance with resjpeleingth. This length scale slightly differs frahe

ideal predicted dimension for the upper bound=16.8 cm) due to material availability for the
fabrication of the polyvinylchloride (PVC) encaserh@-ig. 5a). The device consists of foupBa;
commercial thermoelectrics (4.0 cm x 4.0 cm) wiirederies sandwiched between an aluminium heat
exchangerl(, = 2.5 cm, 14 cm x 14 cm) and the Ni/E composite encased in a hollow PVidhdgr

(L, = 15.2 cm, diameter = 15.2 cm) (methods). A photograph of the constructed deigsown in

Fig. 5b at the testing location outdoors in Thuv&udi Arabia. The device was impedance matchad to
100Q resistor (Sl section 6), and both the device’$quarance and the ambient temperature profile (Fig.
S4) were monitored using a data acquisition basetfiaced with a laptop over a period of approxahat
13 days (May 8 — May 20" 2017) (methods). The results for the measuredemhtémperature profile,
closed circuit voltage, and power are providedigsF6a, 6¢, and 6d, respectively. The air tempeeat
profile as measured by the nearby King Abdulazierimational Airport in Jeddah, Saudi Arabia is also

provided in Fig. 6b [35].
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Fig. 5: (a) A schematic of the Ni/E thermal resonator testeditsat KAUST in Thuwal, Saudi Arabia.
(b) Photograph of the Ni/E thermal resonator show(a). The thermal resonator is impedance matched
(SI Section 6) to a 10Q resistor, and its performance, as well as the amt@nvironment, are monitored

using a data acquisition board (methods).

The temperature fluctuation data measured witldttta acquisition board and obtained from the nearby
international airport between May &nd May 28§ 2017 closely resemble the data in Fig. 2, in tevins
mean temperature and amplitude. This is an impbaspect because the thermal resonator was designed
based on the data in Fig. 2; therefore, we desirthe testing environment to be similar for optima
device performance. The maximum power, time-avetrggsver, maximum power density, and time-
averaged power density of the thermal resonatar ttweel3 day period are 1.95 mW, 20@, 30.5

uW cm™2, and 3.1uW cm™2, respectively. The total energy harvested dutmgtime frame was 212 J,
and the maximum volumetric power density is iW cm™~3. The predicted time-averaged power
densities of the ideally-tuned thermal resonatoc®aling to the analytical models generated by(Ey.
(Fig. 4a,To= 10°C, 64.6uW cm™2; Fig. 4b,Ta= 3°C, 10.7uW cm™?2) differ significantly from the
measured output of the device. Moreover, compari$dhe experimental time-averaged power output
(0.6 uW cm™2) of a different device previously tested in Cardgd, MA, USA[22] with the analytical

model prediction (Eg. (2)) based on measured teatper fluctuationsT, = 10°C, 87uW cm™2) and



historical air temperature fluctuation dafa € 4°C, 22uW cm~2)[22, 38] show significant discrepancies
as well. A numerical model that explicitly consigi¢éhe thermal coupling between thermal masses 1, 2,
and the thermoelectric module is developed inwusk to investigate the discrepancies for bothrifadr
resonators in both environments, as discussecifotlowing section. The model invokes Robin
boundary conditions at the interfaces of the thémasses with the thermoelectric heat engine. In
contrast, the analytical model (Eq. (2)) consideredheat flux Dirichlet boundary conditions.

Furthermore, the effects of convective heat trarefe also investigated.
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Fig. 6: (a) Temperature fluctuations measured on-site af KRindullah University of Science and
Technology (KAUST) in Thuwal, Saudi Arabia from M&{— May 20" 2017, to which the thermal
resonator shown in Fig. 5a was exposed (methdusMistorical air temperature fluctuations in Jeuda
Saudi Arabia from May'8to May 24" 2017, as reported by King Abdulaziz Internatioh@port, for

comparison to the temperature fluctuations meaduréa [35].(c) Closed circuit voltage measurements



for the thermal resonator in Fig. 5 when exposdtieédemperature fluctuations in (a) and (b). (@er

output for the thermal resonator in Fig. 5 whenoseqa to the temperature fluctuations in (a) and (b)

4. Numerical Analysisof Thermal Resonator Performance

Consider the thermal circuit depicted in Fig. 1agve the ambient thermal environment is taken ta be

time varying source tenﬁ"amb(t)), represented as a Fourier series:
Toamb () = To + Ty X3_,(a,, cos(wtm) + b, sin(wtm)), (3)

whereT, is the median temperatufB, is the amplitude of temperature fluctuatioeoss the angular

frequency of temperature fluctuations, d@nsltime.

For simplicity, we consider the case where theremvhent contains a single, dominant temperature

waveform described by:
Tamb (£) = Ty + Tysin(wt). (4)
4.1 Neglecting Convective Heat Transfer

In one scenario, where we neglect the effects nfective heat transfer, we treat both thermal nwasae

either side of the heat engine (Fig. 1a) as 1Dalisgstems subject to diffusive heat transfer:

i _ ¢, &1 fori=1or2, (5)

at Lax2"

whereT; is the temperature of maiss; is the thermal diffusivity of massandy; is the spatial
dimension of masis For the device used in this work, thermal masssttie high effusivity composite

Ni/E, and mass 2 is a heat fin, as shown in Figh7a

Eq. (5) completely describes the diffusion of Heathe non-phase change materials in our thermal
resonance system. However, to model the high effu#CMs in our system, the following assumptions

are made to apply Eqg. (5) with the thermal diffitgibeing given by Eq. (S1): thermal fluctuationssg



around the phase transition temperature and wiitlinmelting range of the PCM and thermal diffusion

occurs due to the movement of the phase changalbhou(SI section 1)[22].

The external boundaries of the thermal massesuajecs to the time varying boundary condition in Eq

(6).
Ti(x; = 0) = Typ(t), fori=1or 2, (6)
wherex; = 0 refers to the interface of massith the ambient environment.

The boundary conditions at the interfaces of tleerttal masses with the thermoelectric heat engine[39
41] (x = L;, wherelL,; is the length of thermal mags are dependent on the direction of the tempesatur
gradient across the heat engind’;lfx; = L,) > T,(x, = L,), the boundary conditions are given by Egs.
(7) and (8), where we assume a steady state hasabbeved across the thermoelectric heat enduige (t
assumption is justified in SI Section 7 based dautations of the thermal diffusion time scales tioe

elements in our system).

— Z% — Tl(x1=L1;—T2(x2=L2), )
1 x1:L1 TE
0T, Ty (x1=L1)—T(x2=L3)
— = 1—n), 8
=, St () ) ®)

wherek; is the thermal conductivity of magRr is the thermal resistance of the thermoelectrat he
engine, and is the thermodynamic efficiency of the heat engmmehermoelectric in this case, which is

defined by Eg. (9).

_ (1 _Tc\_ VitzT-1
= ( TH)\/1+ZT+TC/TH’ 9)

whereTc is the cold reservoir temperatuiig(k. = L) in this case)Ty is the hot reservoir temperature
(T1(xs =Ly) in this case), andT is the thermoelectric figure of merit, which isasied to be 1 for the

standard, commercial HBie; thermoelectrics used in this work. It should beeddhat thermoelectric heat



engine efficiency is a major limitation in thernmakonator power output. For perspective, a
thermoelectric module with AT equal to 1 and subject to a A0 temperature difference at ambient

conditions corresponds to an efficiency of 0.6 %.

On the other hand, ,(x, = L,) > T;(x; = L,) the boundary conditions are given by Egs. (10) and

(11).
5, 9Ty _ Ta(xp=Ly)~Ty (*¥1=L1) (10)
6x2 X2=L2 RTE ’
oTy To(X2=Ly)—Ty(x1=Ly)
— = 1—n). 141
. - (1-mn) J

In the case that the temperatures across the hgaeeare identical, the heat flux is zero.

Here, we neglect the effect of interfacial thermeglistance between the thermal masses and heatengi
for simplicity; however, the supporting informatioansiders the effect of interfacial thermal resise

on device performance (Fig. S12).

The aerial power densitp) profile is calculated with Eq. (12) below.

p = Bl -TiCn=Lyl (12)

RTE

In the definitions of the heat flux boundary corafis and the equation for the aerial power derggity
(12)), Fourier conduction is assumed to be domireard Peltier and Joule heating are neglecteckin th
thermoelectric module. The supplementary inforrmapimvides an order of magnitude analysis to jystif

this assumption (SI Section 7).

The numerical model described above, Eqgs. (4-82plved with the method of lines assuming thermal
properties for a typical commercial thermoeledigat engineRy: = 0.008 M K W™, Sl section 7). In
addition, the thermal diffusion time scale for thet mass 2 is assumed to be three orders of magnitu

smaller than that of thermal mass 1 (this assumpsigustified in SI Section 7 based on estimatdb®



thermal diffusion time scales of the two massesinsystem), in order to ensure that thermal mass 2
quickly equilibrates to the ambient environmentdAidnal modelling details and the modelling code a
referenced in Sl section 7. The time-averaged pawgrut as the thermal resistance and capacitdnce o
thermal mass 1 is varied for a diurnal thermal masor in the desert environmeiii (= 3°C) is shown in
Fig. 7c. The numerical model predicts a time-avedagower output of 5.0W cm~2 for a Ni/E device
ideally-tuned according to analytical theory (E2)) under these conditions and 2g¥ cm~2 for a
temperature oscillation amplitude Bf = 10°C (Fig. S10). Considering the actual desert deslésign,

the numerical model predicts a time-averaged poutut of 3.uW cm™2 and 22.34W cm™2 for the
lower and upper bounds of temperature fluctuaticespectively. We note that the analytical modej. (E
(2)) for the thermal resonator captutke qualitative behaviour resulting from deviceigesjuite

well[22], while the numerical model developed iisttvork both captures the trends and more accyratel

predicts the power outputs.
4.2 Considering Convective Heat Transfer

We also consider the effects of convective heattex of the device with the environment in order t
investigate any heat flux limitations the heatdimd boundaries of the device may impose on device
performance. With this in mind, we model thermakma with Eq. (5) and the external boundary

condition is given by Eq. (13).

kit = Ry (Tamp (®) — Ty (%1 = 0)), f13
axl x1=0

where}__l1 is the convective heat transfer coefficient of snhswhich is assumed to be 10 W K for
natural convection in air (Sl Section 7). The Nitssember (Nu = hL/Kk) at this boundary is closelfo
according to the dimension (L = 15.2 cm) and thégoaductivity (k = 1.79 W m K™) of Ni/E
composite. Hence, the convective and conductiverthleresistance are comparable, and are both

responsible for determining the interfacial tempan@and flux.



We model thermal mass 2 as an isothermal heafiign §) (this assumption is justified in SI Sectibby
calculating the thermal diffusion time scales fue tlements in our system) characterized by acpéati

heat transfer coefficient with the external bougdamndition:

Js = hy(Tamp () — T, (14)

whereJs is the heat flux at the boundary of heat sink lign environment (heat flux into the heat sink is

considered positive)ls is the temperature of the heat sink, Zadls the convective heat transfer
coefficient of the heat sink, which is estimated&250 W rif K™ based on the geometry and material
properties for the heat sink employed in our de{®IeSection 7). Heat transfer is significantly anbed
by the heat fin mainly due to its 25 times largeface area compared to a bare plane. However, the
Nusselt number (Nu = 0.026) at this boundary Ibmtich less than 1, because of the small thickfless
= 2.5 cm) and high thermal conductivity (k = 237m K™) of aluminium heat fin. Therefore, heat
transfer is limited by convection, and the heatctm be assumed as isothermal because of the ibéglig

thermal resistance from conduction.

For the boundary conditions at the interfaces eftiiermal masses with the thermoelectric heat engin

we now have the following equations:

If Tl(xl = Ll) > TS'

—Js = 2T (g ), (16)
On the other hand, ; > T; (x; = Ly),
Jo =T nm) (17)

RTE



oTy — Ts—T1(x1=L1) (1 _ 77) Sil

Lox, x1=L; RTE
In the case that the temperatures across the hgiaeeare identical, the heat flux is zero.

The aerial power density) profile is again calculated with Eq. (12), andiagthe effects of Joule and

Peltier heating are neglected in Eq. 18 and thetiay conditions in Egs. (15-18).

The numerical model considering convective heasfiex is also solved with the method of lines
assuming thermal properties for a typical comméthiermoelectric heat enginBye = 0.008 MK W™,

Sl section 7). Additional modelling details and eate referenced in Sl section 7. The time-averaged
power output as the thermal resistance and capaeitaf thermal mass 1 is varied for a diurnal deser
thermal resonatoiTg = 3°C) is shown in Fig. 7d. The numerical model preslactime-averaged power
output of 3.3uW cm™? for a Ni/E device ideally-tuned according to atiabl theory (Eq. (2)) under
these conditions and 16u&V cm™~2 for a temperature oscillation amplitudeTaf= 10°C (Fig. S11).
Considering the actual device design, the numencalel predicts a time-averaged power output of 3.0
uW cm~2 and 17.21W cm™2 for the lower and upper bounds of temperaturediations, respectively.
The experimental results and theoretical predinatifgppower density for thermal resonators are
summarized in Table 1. For a comparison with aipresvdevice tested in Cambridge, MA, USA[22], the
numerical model predicts a time-averaged powerudup8.2uW cm=2 and 22.1uW cm™? for the

actual device tested. Both numerical models — demsig and neglecting convection — more accurately
predict the device power outputs as compared wighahalytical model (Eg. (2)) for the device tested
the desert. Furthermore, the numerical models sidlgat convective heat transfer limitations have a
appreciable effect (~30% reduction) on device perémce. We also note that the thermal resistance of
the heat engine is an important parameter to cengidg. S12), and the presence of significantiatéal
thermal resistances between the heat engine anmddhmasses can result in suboptimal device
performance. On the other hand, the numerical miboiet not as successfully predict the power owput

the previously-tested device in Cambridge, MA, USVe attribute this to the temperature fluctuations



Cambridge, MA, USA[22] having more variance in thernal frequency distribution as compared with
the temperature variations measured in Saudi Ai@bga S13, S| Section 8). Overall, these numerical
models will provide a reliable engineering approaxthe development of diurnal thermal resonators
moving forward, especially in a harsh desert emvitent, to achieve certain power specifications for
particular environments and applications. Applyingse models to further improve device design bvell
a major focus of future efforts, along with furtte@rhancements in materials’ thermal effusivity tigio

porosity engineering.
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Fig. 7: Schematics of numerical model and contour mapkeofitne-averaged power density as a
function of the thermal resistance and thermal ciggnace of thermal mass 1. The schematic diagrdms o
the one-dimensional model with (a) and withoutq@vective heat transfer show the coordinate system
device configuration, and temperature profile dyidiaytime. Both contour maps are generated using th
thermal resonator numerical model in the absencemfection (c, Egs. (4-12)) and in the presence of
convection (d, Egs. (13-18)) for a temperaturettlation amplitude of 3C, corresponding to the data in

Fig. 6b. Ideally-tuned E and Ni/E resonators adcwytb the analytical model (Eq. (2)), are indichby



diamond and star, respectively. Stars on coloirwicate the experimentally observed time-averaged

power output density of our Ni/E thermal resonator.

Table 1: Summary of average output power density of theresdnators from experimental results and
theoretical prediciton. The length of devices af&m and 10.1 cm for Saudi Arabia and Cambridge,
repectively (including the length of heat fin: 2/). The upper and lower bounds in the model pitedic
correspond td, = 10°C and 3°C for Saudi Arabia. For Cambridge, the upper basrtde same,

whereas the lower bound usks= 4°C.

Average Output Power Density
Testing Condition

Areal (UW cm™2) Volumetric (W cm™3)
Experiment 3.1 0.17
Analytical Model 10.7 - 64.6 0.6 —3.6
Thuwal .
' Numerical Model
Saudi Arabia (no convection) 3.9-223 0.22-1.3
Numerical Model 3.0-17.2 0.17 - 0.97
(with convection)
Experiment 0.6 0.06
Cambridge, MA,  Analytical Model 22 - 87 22-87
USA N ical Model
urherical iode 8.2-221 0.82-22

(with convection)

5. Current versus Future Potential for the Thermal Resonator

Currently, our thermal resonance devices are apgrat experimental time-averaged aerial and
volumetric power densities of 3uW cm™2 and 0.2uW cm™3, respectively. There is potential to increase
both of these average power metrics by device agdition and material science. The time-averaged

volumetric power densit(/pg‘l,ag’fv) is bounded by the volumetric energy storage dgwosithe phase

change material and heat engine efficiency in camggthis to electricity, according to Eq. (19):



max _ Phn

pavg,v - At (19)

wherep is the density of the PCM compositels the mass-specific latent heat of the PCM corbpos
is the efficiency of the heat engine, aiid in this case, is 12 hours — the material enticbignges phase

twice over the course of a full day.

This equation predicts that improvement to the ntric power density can be achieved by increasing
the volumetric energy density of the phase changenial. Also, one can identify environments where
the amplitude of temperature fluctuations are maauh ¢; is proportional to the temperature difference
[33]). This motivates the current work focused lba tlesert environment. Increasing the figure ofitmer

of the thermoelectric heat engine can also incréaserolumetric power density.

The aerial power density can be enhanced via tihese factors as well, and also the thermal efftysiv
of the dominant thermal mass is critical. Maximgihe thermal effusivity of the dominant mass aow
one to maximize the aerial power density for a gigeea of thermoelectric heat engines. We consider
four cases (individual modifications to the resonaind a final case employing all modifications
simultaneously) to analyze the enhancements in pdergsity that we can attain for our thermal
resonance devices using our computational modelidenng convective heat transfer (Sl Section 10).
The control case is a Ni/E thermal resonator stilgethe conditions of the resonators in this Wgn, =
3.3uW cm™2 & 0.35uW cm™3). Case 1 considers that the thermal resonat@pialde of absorbing and
emitting solar radiation as an ideal black bodyiclihas been estimated [34] to signficantly amplify
amplitude of temperature fluctuation (45) (Payg = 105.2uW cm™2 & 2.96 uW cm™3). Case 2 considers
a two-fold enhancement in the thermoelectric hagtre’s figure of meritffag = 5.1pW cm™2 & 0.55
uW cm™2). Case 3 considers employing a higher thermakafity material based on the composite of
50% porosity copper foam infused with eicosgmg,& 11.2uW cm™% & 0.09 W cm™3). Lastly, Case 4
considers the performance of the device when tiigidtual modifications in Cases 1-3 are made

simultaneouslyfag = 1.9mW cm™2 & 4.1 uyW cm™3). As can be seen from the preliminary calculations



enhancements in the power output through engingénimdevice as an ideal black body has the highest
impact, due to its influence upon both heat fluseeng/exiting the device and the heat engine iefficy.
Enhancing the thermal effusivity strongly influeadhe aerial power density, as anticipated, and
improving the thermoelectric’s figure of merit bt®both volumetric and aerial power densities. All
together, employing these modificaitons in tandema result in an aerial power density on the oafer
solar cell power densities, as well as a factdiGimprovement in the volumetric power density. &0
note that the use of thermal diodes with high fiatidn ratio can increase both power metrics,4R]ch

will be the subject of future work.

5. Conclusions

In this work, we design, test, and analyze theqoarince of a thermal resonator, enabled by the
development of a high thermal effusivity materfattis specifically-designed for application inash
desert environment, for transient thermal energydsting from the diurnal temperature fluctuation
cycle. The development of this form of energy hativey modality is important, as it integrates
synergistically into other types of energy techgads such as solar and wind. We develop and
characterize a high thermal effusivity material sieting of a highly porous, high thermal condudgivi
nickel foam infused with the ambient phase changternal, eicosane. Incorporating a high thermal
effusivity material with an optimally calculatechigth scale into the thermal resonator design esdbhée
maximization of device power output from a giveardial input temperature fluctuation. The device is
tested over an approximately two-week period indBAuabia, and its time averaged power output is
calculated to be 200W for 64 cnf of heat engine area. The device is able to coallinharvest energy
from the heating cycles during the daytime (~2 nam) the cooling cycles of the night time (~108).
This record high performance highlights the potritir these devices to be deployed in remote ioeat
to power wireless sensor nodes or for other praigtiarposes. The experimental power output of the
thermal resonator is compared with our previousyéinal theory, which fails (within a factor of 3

predict the power density of the device. We intimelmodifications to our theory that account for



convective heat transfer around the device anduiivg heat losses across the thermoelectric heat
engine. The modified numerical model is shown toeraxcurately predict the power output of the devic
and provides a reliable engineering approach ®fuither development of thermal resonators fagear
energy harvesting applications. These results gshatithermal resonators offer a persistent, duyainid
flexible energy harvesting scheme that may findsaberable use in powering miniaturized electronics
such as wireless sensor networks, even in harsloemental conditions, and especially as

thermoelectric performance is further enhancedraglder thermal effusivity materials are developed.
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M ethods

Temperature Measurements: Data in Fig. 2a was mezhsising a Bluetooth-enabled temperature sensor

from Sensirion from May6— 8" 2016 (Fig. S4).

Fabrication of Ni/E:

Pristine Ni foam substrate (porosity 95%, 80-110, Bitckness = 1.6 mm, MTI Corp.) was impregnated
with pure eicosane (E; Sigma Aldrich). The samplese vacuum impregnated when exposed to molten
E at approximately 6€C in a vacuum oven at a gauge pressure of -30 ioHto hours. Following
impregnation, the samples were suspended and allawdry for two hours at ambient conditions.

Note, for constructing thermal resonators, passigregnation was used to form Ni/E.



Microscopic Characterization:

The structure of Ni/E was investigated with a Zeiggcal microscope with a 5X objective.

Thermal Measurements:

The thermal conductivity and latent heat of theariats were measured using the Transient Planec€our
method (TPS 2500S from Hot Disk AB; at room tempes T = 21 °C; Kapton 5501 sensor) and DSC
(DSC Q100 from TA Instruments, 20 < 60 T, 2 € min™), respectively. Refer to Sl Section 4 for a
more in-depth discussion of the Transient Plangc®omethod for measuring thermal conductivity.

The parameters and sample dimensions used for nmggsue thermal conductivity of the samples are as
follows:

E — standard method; 100 mW; 20 seconds; analyaietls32-200; samples (thickness ~ 2 cm, cross-
section length ~ 5 cm and width ~ 5 cm) situateeitimer side of sensor; 1 sample with 5 measuresnent
measurements averaged and 95% confidence intepaited as the error.

Ni/E — thin slab method; 100 mW; 10 seconds; amalymoints 40-100; samples (thickness = 1.6 mm,
diameter = 6 cm ) situated on either side of seriseample (Ni/E) with 5 measurements; measurements
averaged and 95% confidence interval reportedeastitor.

Raw thermal conductivity data for Ni/E are provided-ig. S6.

For the reported values of latent heat, one scanpeegormed for each sample. The total samples&oh
type of material are as follows: E (1) and Ni/E. ()r Ni/E, measurements averaged and 95% confidenc
interval reported as the error.

Density Measurements: The densities of Ni/E andeEewealculated using masses measured with a

typical mass balance and volume measured with #iteradisplacement method.

Reduction to Practice of Thermal Resonator:

A hollow PVC cylinder(L; = 15.2 cm, diameter = 15.2 cm) — containing Ni/E - was chosen as
thermal mass 1, and an aluminum heat exchatiget 2.5 cm, 14 cm x 14 cm) was chosen as thermal
mass 2 (Fig. 5, Fig. S7). A lathe was used to ¢albei the hollow PVC cylinder from a solid PVC cyar

with the same dimensions to a wall thickness ofml Four 4.0 cm x 4.0 cm commerciabBa;



thermoelectrics (TEG2-126LDT from TECTEG MFR.) vdrim series were chosen as the devices’ heat
engines. Additional details regarding device fadtimn are provided in S| Section 6. The thermolestr
were wired to a 100 resistor (approximately impedance matched, Sli@eé), and the devices’ power
output and ambient temperature profile were moadarsing a DrDAQ data acquisition board (Pico
Technology) in outdoor conditions on the campuKAUST in Thuwal, Saudi Arabia over a period of

approximately 13 days (May"8- May 20" 2017). The devices were not in proximity to therswurces.
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